INTRODUCTION {#S1}
============

Approximately one-third of the eukaryotic proteome consists of secreted and integral membrane proteins that are synthesised and inserted into the endoplasmic reticulum (ER), where they must correctly fold and assemble in order to reach functional maturity^[@R1]^. ER quality control (ERQC) refers to the processes simultaneously monitoring deployment of correctly folded proteins and assembled complexes to distal compartments, while diverting folding-incompetent, mutant or unassembled polypeptides for proteasomal degradation via the process of ER-associated degradation (ERAD, reviewed in^[@R2]--[@R4]^). An ever growing list of sporadic and genetic human disorders have been associated with ERQC, illustrating the pivotal role these processes play in governance of protein trafficking^[@R5]^.

Many of the individual components thought to underlie ERAD have been identified through genetic and biochemical analyses in *S. cerevisiae* and mammals^[@R4],[@R6]^ and point toward a mechanism mediated by a network of topologically and compartmentally restricted, partially redundant protein complexes^[@R2],[@R4],[@R7]--[@R9]^. ERAD is a vectorial process whereby coordination of ERAD components across three subcellular compartments (ER lumen, lipid bilayer, and cytoplasm) must occur in order to effectively distinguish, target, and deliver misfolded substrates for degradation. Exclusion of the ubiquitin (Ub)-proteasome system (UPS) from the ER lumen necessitates that substrates traverse the ER membrane in order to be degraded, yet the molecular identity and mechanism of the required dislocation apparatus remains controversial^[@R7],[@R10],[@R11]^.

Ub E3 ligases play central functional and organisational roles in ERAD^[@R9]^. In yeast, the E3s Hrd1p and Doa10p, which contain cytoplasmically oriented RING domains that recruit distinct Ub-conjugating enzymes and form functional complexes by scaffolding shared ERAD-related factors^[@R12]--[@R16]^, appear to be sufficient to degrade all ERAD substrates^[@R16],[@R17]^. ERAD substrates with luminal (ERAD-L) or membrane (ERAD-M) folding lesions utilise Hrd1p^[@R16],[@R18]^, while those with cytoplasmic lesions (ERAD-C) rely on Doa10p^[@R16],[@R17],[@R19]^. In contrast to yeast, at least 10 different E3s have been implicated in mammalian ERAD^[@R20]^, possibly reflecting an evolutionary adaptation to the broader substrate range imposed by the more complex metazoan proteome. Three mammalian E3s, gp78, Hrd1, and TEB4, share similar domain and topological organisation, but scant sequence homology, with their yeast orthologs Hrd1p (ortholog of gp78 and Hrd1) and Doa10p (ortholog of TEB4). Uncovering how the organisation of E3-containing membrane complexes allows them to access substrates in the ER lumen/membrane and recruit the cytoplasmic dislocation/extraction apparatus is crucial to establishing a comprehensive understanding of ERAD.

In this work we have employed a systematic, multi-layered approach that integrates high-content proteomics, functional genomics, and gene expression to elucidate the interconnectivity and organisation of ERAD in mammals ([Supplementary Fig. S1](#SD1){ref-type="supplementary-material"}). These studies have allowed us to generate the first integrated physical and functional map of the ERAD system in the mammalian ER.

RESULTS {#S2}
=======

Mapping the mammalian ERAD interaction network {#S3}
----------------------------------------------

We employed a high-content proteomics strategy to map the mammalian ERAD interaction network, starting with 15 S-tagged baits consisting of proteins previously identified as ERAD pathway components in biochemical studies or by orthology to components identified in yeast ([Supplementary Table S1](#SD1){ref-type="supplementary-material"}, PRIMARY). After confirming ER localisation in HeLa cells ([Supplementary Fig. S2](#SD1){ref-type="supplementary-material"}) and stable expression of each full-length S-tagged bait in HEK293s (data not shown), protein complexes captured by S-protein affinity purification from detergent-solubilised lysates were analysed by liquid chromatography/tandem mass spectrometry (LC-MS/MS). Interactions were initially assessed for all baits by independently analysing pull-downs from cells lysed in digitonin (DIG; [Supplementary Table S2](#SD1){ref-type="supplementary-material"}) or the more stringent detergent Triton X-100 (TX-100; [Supplementary Table S3](#SD1){ref-type="supplementary-material"}). Total spectral counts for each captured protein were subsequently evaluated with the [Comp]{.ul}arative [P]{.ul}roteomics [A]{.ul}nalysis [S]{.ul}oftware [S]{.ul}uite (*CompPASS;* [Supplementary Methods](#SD1){ref-type="supplementary-material"})^[@R21],[@R22]^. *CompPASS* employs a database of interacting proteins (including data from baits in this study and 102 unrelated proteins described previously^[@R21]^) and comparative metrics to determine the likelihood of validity of interactors. The *CompPASS* parameter WD^N^-score^[@R22]^, which integrates the abundance, uniqueness, and reproducibility of an interacting protein, was used to identify [H]{.ul}igh-confidence [C]{.ul}andidate [I]{.ul}nteracting [P]{.ul}roteins (HCIPs) for the ERAD network. Previous studies demonstrated that \>68% of identified HCIPs were validated in subsequent biochemical analyses^[@R21]^, a rate of validation that is well above other high throughput approaches to study protein-protein interactions^[@R23]^. In our study, interacting proteins surpassing a stringent threshold score of WD^N^ \> 1.0 were designated as HCIPs ([Supplementary Tables S2a and S3a](#SD1){ref-type="supplementary-material"}). Interacting proteins scoring below this cut-off may still represent bona fide interactions (full list in [Supplementary Tables S2b and S3b](#SD1){ref-type="supplementary-material"}).

In addition to revealing interconnections among primary baits, this analysis uncovered 10 HCIPs with no prior relationship to ERAD. Seven (FAM8A1, UBAC2, KIAA0090, TTC35, C15orf24, TMEM111, and COX4NB) are functionally uncharacterised open reading frames (ORFs) and two (E-Syt1 and MMGT1) are implicated in cellular processes unrelated to quality control. The HCIP TXD16 (also known as ERp90) was recently suggested to be involved in ERAD^[@R24]^. Based on their identification as HCIPs with multiple ERAD components in both DIG and TX-100, high spectral counts, and predicted ER localisation (criteria described in Methods), these 10 HCIPs were introduced into the proteomic workflow to iteratively expand and validate the network ([Supplementary Fig. S1](#SD1){ref-type="supplementary-material"}, SECONDARY). Three proteins previously implicated in mammalian ERAD (TEB4, RNF5, and HERP) could not be sufficiently expressed and were omitted. Ultimately, our ERAD network analysis included 25 baits, of which 9 appear to be unique to metazoans. No correlation was observed between bait abundance and the total number of interactions and HCIPs identified ([Supplementary Fig. S3a](#SD1){ref-type="supplementary-material"}). From 3,325 individual proteins identified by MASCOT in DIG and 2,971 in TX-100 ([Supplementary Tables S2b and S3b](#SD1){ref-type="supplementary-material"}), *CompPASS* identified 320 and 202 HCIPs, respectively for the 25 baits ([Supplementary Tables S2a and S3a](#SD1){ref-type="supplementary-material"}). These HCIPs correspond to 143 and 97 non-redundant proteins with 71 HCIPs of interest, previously uncharacterised for a role in ERAD (see Online Methods for selection criteria, [Supplementary Table S4](#SD1){ref-type="supplementary-material"} and [Fig. S3b](#SD1){ref-type="supplementary-material"}). Over 50% of HCIPs are ER/membrane localised, and gene ontology (GO) analysis indicates diverse functionality with significant overrepresentation in folding, Ub and catabolic processes ([Supplementary Fig. S3c and d](#SD1){ref-type="supplementary-material"}).

Overview of the mammalian ERAD interaction network {#S4}
--------------------------------------------------

Unbiased hierarchical clustering of all HCIPs identified for each bait in both detergents was used to assemble interaction data into a coherent network ([Fig. 1](#F1){ref-type="fig"}). Four of the DIG clusters define subnetworks organised around the E3s Hrd1 (clusters 1D and 6D) and gp78 (clusters 3D and 8D), indicating a central role in organisation of the mammalian ERAD system. Both Hrd1 and gp78 clustered with established integral membrane, luminal, and cytoplasmic ERAD components (clusters 1D and 8D) as well as, separately, with most 26S proteasome subunits (clusters 3D and 6D). Cluster 2D defines a macromolecular complex of previously uncharacterised proteins that we have designated the [m]{.ul}ammalian [E]{.ul}R [M]{.ul}embrane [C]{.ul}omplex (mEMC, discussed below) to reflect its orthology to a complex associated with the unfolded protein response (UPR) in yeast^[@R25]^. Cluster 4D confirms the previously reported interactions of the AAA+ ATPase VCP/p97 with an integral membrane binding partner VIMP^[@R26],[@R27]^ and cytosolic NGly1^[@R28]^, while revealing novel interactions of VIMP and UBXD2 with the VCP/p97 accessory protein UBE4A, a Ufd2 ortholog implicated in Ub chain extension^[@R29]^. In addition to confirming the ERFAD-SEL1L interaction^[@R30]^, cluster 5D validated the recently reported interaction of ERFAD with TXD16/ERp90^[@R24]^, reinforcing the connection between ERAD and oxidative protein folding/unfolding. Cluster 7D contains several novel HCIPs in complex with Derlin-1 and Derlin-2, including the Ca^2+^-sensing protein extended-synaptotagmin 1 (E-Syt1)^[@R31]^, the Ras superfamily member ARL6IP and YIF1B, both implicated in protein trafficking^[@R32],[@R33]^.

Of the 8 prominent clusters identified in DIG-solubilised cells, only cluster 2 remained intact with TX-100 lysis. Four clusters (1, 3, 5, 8) were fragmented into discrete sub-clusters, and three (4, 6, 7) were fully disrupted. Based on these clusters ([Fig. 1](#F1){ref-type="fig"}), we merged individual interactomes ([Supplementary Fig. S4](#SD1){ref-type="supplementary-material"}) to construct a topologically rendered, detailed interaction map of the mammalian ERAD network in DIG and TX-100 ([Fig. 2](#F2){ref-type="fig"}). The [I]{.ul}nteraction [N]{.ul}etwork [f]{.ul}or [ER]{.ul}-[A]{.ul}ssociated [D]{.ul}egradation (INfERAD) was arranged around clusters identified for Hrd1-SEL1L, gp78, and the mEMC subnetworks, with those components located centrally reflecting shared interactions between clusters.

As with any systems-based analysis of interaction networks, our analysis was not exhaustive, and therefore we sought to integrate data from public protein-protein interaction resources (STRING). However, as ERAD components are poorly represented in this database ([Supplementary Table S5](#SD1){ref-type="supplementary-material"}) and other online resources (BIOGRID and MINT), interactions identified in this study were instead mapped together with pair-wise interactions reported previously ([Supplementary Table S5](#SD1){ref-type="supplementary-material"}, [Supplementary Fig. S5](#SD1){ref-type="supplementary-material"}). These combined datasets contain over 250 interactions, reflecting the organisational complexity of the mammalian ERAD system.

The Hrd1-SEL1L subnetwork {#S5}
-------------------------

Our proteomic analysis confirmed the E3 Hrd1 and its established cofactor SEL1L as a prominent nexus for ERAD. Nearly all previously reported interactions of the Hrd1-SEL1L complex ([Supplementary Table S5](#SD1){ref-type="supplementary-material"}) were validated by our dataset, which also uncovered several previously uncharacterised proteins including FAM8A1, LONP2, a putative Lon-protease (with OS-9); CPVL, a putative carboxypeptidase (with XTP3-B), the stress-inducible hemeoxygenase HMOX1/HO1 and two components of the sterol biosynthetic pathway, HMG-CoA reductase (HMGCR) and squalene synthetase (FDFT1). The rate-limiting enzyme in cholesterol synthesis, HMGCR, is subject to strict feedback regulation whereby sterol end products induce its degradation by ERAD^[@R12],[@R34],[@R35]^. Although evidence supports a role for gp78 in the degradation of HMGCR in mammalian cells^[@R36]^, the Hrd1 pathway degrades HMGCR in both yeast (Hmg2p)^[@R12]^ and *Drosophila*^[@R37]^. Identification of HMGCR as a Hrd1 HCIP lends strength to the possibility that Hrd1 also plays a role in HMGCR degradation in mammals^[@R38]^.

The integrity of the Hrd1-SEL1L subnetwork was strongly influenced by solubilisation conditions. All Hrd1 HCIPs apart from FAM8A1 ([Fig. 1a](#F1){ref-type="fig"}, cluster 1Ta) were lost in TX-100, while the complexes containing SEL1L, OS-9, and other luminal components were preserved ([Fig. 1a](#F1){ref-type="fig"}, cluster 1Tb), consistent with all upstream (luminal) interactions being mediated via SEL1L, which is linked to Hrd1 by a TX-100-labile association^[@R39]^.

The gp78 subnetwork {#S6}
-------------------

Cluster analysis exposed a reciprocally co-precipitating complex consisting of the E3 gp78, an uncharacterised UBA domain-containing polytopic protein UBAC2, the membrane-embedded, VCP/p97-binding protein UBXD8, and Derlins-1 and -2. The high degree of interconnectivity suggests that gp78 together with its cognate E2 (UBE2G2) and UBAC2, comprise a transmembrane pathway for ERAD that shares essential cytoplasmic (*e.g.* VCP/p97 and 26S proteasomes) and integral membrane components (UBXD8 and Derlin-2) with the Hrd1-SEL1L cluster. The recently described protein TMUB1^[@R40]^ was found in the gp78 cluster, as was BRI3BP, hitherto unlinked to ER. Signal peptide peptidase (HM13/SPP) and a number of poorly characterised integral membrane proteins (TMEM201, TMEM43, LRRC59 and CLPTM1) were also linked via UBAC2. In contrast to the Hrd1-SEL1L cluster, most HCIPs associated with the gp78 subnetwork were stable in both detergents ([Supplementary Table S2, S3, and S6](#SD1){ref-type="supplementary-material"}). Disruption of the Hrd1-SEL1L cluster in TX-100 caused the shared cytoplasmic interactors VCP/p97 and UBE2G2 to cluster with gp78, likely reflecting their direct binding to the C-terminal cytoplasmic domain of gp78^[@R41],[@R42]^. These data establish gp78 as the core of a detergent-stable E3 subnetwork that shares several components with the Hrd1 complex, and identify UBAC2 as a central element in the gp78 complex.

ERAD E3s are associated with the 26S proteasome {#S7}
-----------------------------------------------

Strikingly, nearly all subunits of the 26S proteasome were captured with Hrd1 and gp78 in DIG lysates. Although not all of these interactions reached our stringent criteria to qualify as HCIPs (19/32 for gp78; 15/31 for Hrd1; [Supplementary Table S6](#SD1){ref-type="supplementary-material"}), the fact that gp78 captured all subunits of the 20S core particle and most subunits of the 19S regulatoryparticle indicates a significant connection between the ERAD E3s and 26S proteasomes ([Supplementary Table S6](#SD1){ref-type="supplementary-material"}, and [Fig. S6](#SD1){ref-type="supplementary-material"}). Persistence of these interactions in TX-100 together with the observation that proteasome subunits were not identified as HCIPs of other ERAD interaction network components, suggests an intimate, perhaps direct interaction of gp78 (and possibly Hrd1) with the 26S proteasome. The excess of 20S core particle over 19S regulatory subunits captured with gp78 and Hrd1 ([Fig S6](#SD1){ref-type="supplementary-material"}) raises the possibility that E3-proteasome connections may be linked independently of the 19S regulatory particle, perhaps via direct interactions with 20S or via alternative adaptors.

The gp78 HCIP PSME4/PA200 was identified in a screen for 26S proteasome activators and originally reported as a nuclear protein with a possible role in DNA repair ^[@R45]^. PA200 can assemble with 20S and 19S subunits to form hybrid 26S proteasomes^[@R46]^ and a crystal structure of the apparent yeast ortholog Blm10 suggests that it interacts directly with proteasome α-subunits^[@R47]^. The functional significance of the PA200 interaction is unclear, yet its presence in gp78 (but not Hrd1) complexes suggests there may be heterogeneous 26S proteasome populations associated with the ER membrane and ERAD.

The mammalian EMC subnetwork {#S8}
----------------------------

The detergent-stable mEMC ([Fig. 1](#F1){ref-type="fig"}, cluster 2) was initially identified through KIAA0090, an uncharacterised, putative type I integral membrane glycoprotein detected as a Derlin-1/2 HCIP ([Fig. 1](#F1){ref-type="fig"} and [Supplementary Table S2](#SD1){ref-type="supplementary-material"}). With KIAA0090 as bait, we identified 5 additional HCIPs (TTC35, TMEM32/MMGT1, TMEM85, C15orf24 and COX4NB), which reciprocally co-precipitated each other, and 4 additional proteins (TMEM111, C19orf63, C14orf122, and TMEM93; [Supplementary Fig. S4](#SD1){ref-type="supplementary-material"}). The mEMC is comprised of 10 unique subunits, while its yeast counterpart appears to contain 6 ([Fig. 2](#F2){ref-type="fig"}). Although the function of the mEMC is unknown, 3 subunits (KIAA0090, TMEM111 and TTC35) were identified as HCIPs of UBAC2 and Derlin-2, suggesting a close link between this complex and ERAD components implicated in Ub recognition and protein dislocation.

Deconvolving the ERAD interaction network with RNA interference {#S9}
---------------------------------------------------------------

To begin to decipher the organisation within the mammalian ERAD interaction network, we systematically analysed the Hrd1-SEL1L and gp78 subnetworks. Coexpression of S-tagged proteins with shRNAs targeting central subnetwork nodes was used to ascertain the requirement of each component to maintain individual interactions ([Fig. 3](#F3){ref-type="fig"}). Following SEL1L knockdown, XTP3-B interactions with Hrd1 ([Fig. 3a](#F3){ref-type="fig"}), UBE2J1 ([Fig. 3b](#F3){ref-type="fig"}), and FAM8A1 ([Fig. 3c](#F3){ref-type="fig"}) were abolished, while OS-9 lost its connection to Hrd1 ([Fig. 3d](#F3){ref-type="fig"}). LC-MS/MS analyses confirmed that XTP3-B and OS-9 affinity-purified complexes from cells lacking SEL1L lost their interactions with all downstream membrane and cytosolic components (*e.g.* Hrd1, data not shown). These data verify the essential role that SEL1L plays in scaffolding luminal, substrate-recognition elements to the Hrd1 transmembrane complex^[@R30],[@R39],[@R48],[@R49]^, and reveal the independent interactions of XTP3-B and OS-9 with the Hrd1-SEL1L node ([Fig. 3e](#F3){ref-type="fig"}).

Hrd1-SEL1L subnetwork connections to integral membrane and cytosolic ERAD components differed in that SEL1L knockdown did not affect the Hrd1-FAM8A1 ([Fig. 3f](#F3){ref-type="fig"}) or Hrd1-UBE2J1 interactions ([Fig. 3g](#F3){ref-type="fig"}). Similarly, loss of Hrd1 failed to sever the connections between SEL1L-UBE2J1 ([Fig. 3h](#F3){ref-type="fig"}), SEL1L-AUP1 ([Fig. 3i](#F3){ref-type="fig"}), or AUP1-UBE2G2 ([Fig. 3j](#F3){ref-type="fig"}). Thus, both Hrd1 and SEL1L bind to UBE2J1, either directly or through a factor not identified in our proteomic analysis. Hrd1 knockdown abolished the SEL1L-FAM8A1 interaction ([Fig. 3f](#F3){ref-type="fig"}), indicating that SEL1L and FAM8A1 independently bind to Hrd1. This conclusion is reinforced by the maintenance of the Hrd1-FAM8A1 interaction in TX-100 where SEL1L is lost ([Fig 1](#F1){ref-type="fig"}). These data refine the molecular topology of the Hrd1-SEL1L complex, and identify FAM8A1, as an obligate, SEL1L-independent partner of Hrd1 ([Fig. 3k](#F3){ref-type="fig"}).

A second prominent, highly interconnected subnetwork is composed of gp78, Derlin-2, UBAC2, and UBXD8 ([Fig. 2](#F2){ref-type="fig"}). Knockdown of UBXD8 did not disrupt the gp78-UBAC2 interaction ([Fig. 3l](#F3){ref-type="fig"}), nor did knockdown of gp78 affect UBXD8-UBAC2 ([Fig. 3m and n](#F3){ref-type="fig"}). And while gp78 binding was lost, maintenance of the UBXD8-UBAC2 interaction in TX-100 indicates that their organisation occurs independently of gp78 ([Fig. 1](#F1){ref-type="fig"}). However, the UBXD8-gp78 interaction was abrogated by knockdown of UBAC2 ([Fig. 3o](#F3){ref-type="fig"}) but not Derlin-2 ([Fig. 3p](#F3){ref-type="fig"}). These data allow refinement of the gp78 subnetwork topology ([Fig. 3q](#F3){ref-type="fig"}) and identify a role for UBAC2 in the recruitment of UBXD8 to the gp78 complex.

Functional genomic analysis of ERAD components {#S10}
----------------------------------------------

To assess their functional roles in substrate degradation, we monitored the effect of RNAi-mediated knockdown of individual ERAD components on steady-state fluorescence levels of fluorescent ERAD substrate reporters^[@R21],[@R50]--[@R53]^. Cell lines stably expressing GFP fusions representing three major topological classes of ERAD substrates: luminal-glycosylated (null Hong Kong variant of α1-antitrypsin (NHK)), luminal-non-glycosylated (NHK-QQQ and mutant transthyretin TTR(D18G)), and integral membrane-glycosylated (CFTRΔF508) ([Fig. 4a](#F4){ref-type="fig"}) were employed. We also included the AMPA-type glutamate receptor subunit GluR1 as it is retained in the ER and degraded in a UPS-dependent manner ([Supplementary Fig. S7](#SD1){ref-type="supplementary-material"}). Cell lines expressing the cytosolic proteasome substrate GFP^u54^ and GFP served as controls for ERAD-independent effects that might alter UPS function, reporter gene expression, or GFP fluorescence.

All substrate reporter lines responded to proteasome inhibition with time-dependent increases in mean GFP fluorescence ([Fig. 4b](#F4){ref-type="fig"}). Expression of a dominant negative VCP/p97 mutant (H317A)^[@R52]^ severely impaired degradation of only the ERAD substrates, but not GFP^u^ ([Fig. 4c](#F4){ref-type="fig"}), in agreement with the strong dependence of ERAD pathways on VCP/p97 and 26S proteasomes. The mannosidase inhibitor kifunensine (KIF) selectively inhibited the degradation of NHK ([Fig. 4c](#F4){ref-type="fig"}), consistent with an established requirement for mannose trimming of this glycoprotein for ERAD^[@R55],[@R56]^. GluR1 and CFTR F508 are also glycoproteins ([Supplementary Fig. S7c](#SD1){ref-type="supplementary-material"}), but were unaffected by KIF ([Fig. 4c](#F4){ref-type="fig"}), indicating that mannose trimming is unlikely to be the dominant signal committing them to degradation, or to the existence of redundant, glycan-independent targeting for these polytopic proteins. These data reflect an implicit requirement for multiple, substrate-specific recognition elements within the ERAD interaction network to deliver substrates to shared degradation machinery.

To identify the individual factors required for substrate degradation, we generated an shRNA library targeting genes implicated in ERAD ([Fig. 4d](#F4){ref-type="fig"}; [Supplementary Table S5](#SD1){ref-type="supplementary-material"}) and monitored their impact on the mean GFP fluorescence of reporter cell lines ([Fig. 4e](#F4){ref-type="fig"}; [Supplementary Table S7](#SD1){ref-type="supplementary-material"}). Any shRNA that significantly stabilised an ERAD reporter was selected for further validation by rescreening through all other reporter lines and confirmation of knockdown (See Methods and [Supplementary Fig. S8](#SD1){ref-type="supplementary-material"}). Each substrate appeared to rely on a unique set of individual ERAD components for degradation ([Supplementary Table S7](#SD1){ref-type="supplementary-material"}), which is illustrated as a hierarchically clustered heat map for comparison ([Fig. 4f](#F4){ref-type="fig"}). Of the 59 components our library targeted, only the non-ATPase subunit of the 19S regulatory particle PSMD2 and VCP/p97 were essential for all ERAD substrates ([Fig. 4f](#F4){ref-type="fig"}). GFP^u^ was stabilised by knockdown of PSMD2, but not VCP/p97, mimicking the effects of MG132 and VCP/p97(H317A) ([Fig. 4b and c](#F4){ref-type="fig"}) and validating the strategy of using shRNA-mediated gene silencing with ERAD reporters to interrogate the contribution of individual components to the overall degradation process. Hierarchical cluster analysis demonstrated that substrates were segregated by topology (luminal vs. integral membrane), but not by glycosylation ([Fig. 4f](#F4){ref-type="fig"}). Moreover, a surprising degree of heterogeneity within each substrate's requirement profile was observed, especially for substrates utilising the same central ERAD components (*e.g.* Hrd1, discussed below). These characteristic patterns suggest that the ERAD system operates largely as an adaptive network, in which unique combinations of common components process individual substrates. Such an adaptive mechanism could be explained by the formation of substrate-specific subcomplexes or by a multisubunit complex that utilises discrete sets of components to achieve substrate-specific degradation.

An adaptive mechanism for Hrd1-dependent degradation {#S11}
----------------------------------------------------

We merged the heat map of shRNA-mediated impairment for each substrate ([Fig. 4f](#F4){ref-type="fig"}) with the comprehensive ERAD interaction network ([Supplementary Fig. S5](#SD1){ref-type="supplementary-material"}) in order to generate integrated substrate-specific snapshots of the physical and functional networks responsible for degradation ([Supplementary Fig. S9--11](#SD1){ref-type="supplementary-material"}). Loss of either E3 in the network impacted degradation in a substrate-specific manner. Hrd1 knockdown stabilised topologically disparate substrates including NHK, NHK-QQQ, TTR(D18G) and GluR1, but had little effect on GFPu or CFTRΔF508 ([Fig. 4f and g](#F4){ref-type="fig"}). Instead, CFTRΔF508 was stabilised following gp78 knockdown, as previously reported^[@R57]^. Substrates utilising Hrd1 did not share a common dependence on Hrd1-SEL1L subnetwork components. While FAM8A1 and SEL1L were essential for degradation of NHK and TTR(D18G) and dispensable for GluR1, the converse was true for AUP1 and UBE2G2 ([Fig. 4f and g](#F4){ref-type="fig"}). And despite sharing a common requirement for VCP/p97, ERAD substrates were differentially dependent on VCP/p97-interacting proteins such as SVIP, UBE4A and VCIP135 ([Fig. 4f](#F4){ref-type="fig"}), perhaps indicating additional heterogeneity among the VCP/p97-containing complexes employed for dislocation.

Coordinate regulation of ERAD genes by the unfolded protein response {#S12}
--------------------------------------------------------------------

Expression of more than half of the ERAD genes in our network, including the Hrd1-SEL1L subnetwork ([Fig. 5](#F5){ref-type="fig"}) and other known UPR targets (*e.g.* BiP and HERP), were induced by tunicamycin ([Fig. 5](#F5){ref-type="fig"}). By contrast, gp78 and other ER-resident E3s responded only weakly ([Fig. 5](#F5){ref-type="fig"}). All but one of the mEMC components were transcriptionally upregulated by tunicamycin ([Fig. 5](#F5){ref-type="fig"}); in yeast, only EMC3 is upregulated by the UPR^[@R25],[@R58]^. The selective response to ER stress indicates a previously unrecognised, coordinate transcriptional regulation of this physically and functionally integrated network and suggests that the Hrd1-SEL1L and mEMC subnetworks contribute to the cellular response to ER stress and underscore an important role of ERAD in this process.

ERAD components identified within the Hrd1-SEL1L and gp78 subnetworks {#S13}
---------------------------------------------------------------------

FAM8A1 was identified as a previously uncharacterised component of the Hrd1-SEL1L subnetwork ([Fig. 6a](#F6){ref-type="fig"}). Immunoprecipitation of endogenous FAM8A1 captured Hrd1 and SEL1L ([Fig. 6b](#F6){ref-type="fig"}), confirming that FAM8A1 is a *bona fide* interactor of both components. Resistance to extraction from purified microsomes by high salt or pH support predictions for FAM8A1 as an integral membrane protein with 3 membrane-spanning domains (TOPCONS, [Fig. 6c and d](#F6){ref-type="fig"}), while limited proteolysis of FAM8A1-containing microsomes (data not shown) and immunodetection of an N-terminal epitope tag in semipermeablised cells ([Fig. 6e](#F6){ref-type="fig"}) established the cytoplasmic localisation of the N-terminus. A complex isolated with Stagged Hrd1 contained both FAM8A1 and SEL1L, confirming FAM8A1 as a component of this E3 ligase complex ([Fig. 6f](#F6){ref-type="fig"}).

Disrupting the stoichiometry of the Hrd1 E3 complex by FAM8A1 knockdown ([Fig. 3f](#F3){ref-type="fig"}) or wildtype Hrd1 overexpression ([Fig. 6g](#F6){ref-type="fig"}) impaired degradation of TTR(D18G) while enhancing that of GluR1. TTR(D18G) degradation was restored or enhanced when Hrd1 was coexpressed with SEL1L ([Fig. 6g](#F6){ref-type="fig"}). Similarly, FAM8A1 overexpression (or its RDD domain, a.a. 230--413) impaired TTR(D18G) but not GluR1 degradation, while a cytoplasmic N-terminal fragment (FAM8A1(Δ230--413)) affected neither ([Fig. 6g](#F6){ref-type="fig"}). The dominant-negative effect of FAM8A1(Δ1--229) on TTR(D18G) stability implies that Hrd1 interacts with FAM8A1 via its RDD domain and that its cytoplasmic N-terminal region is required for Hrd1-mediated degradation of luminal substrates. Collectively, our results establish FAM8A1 as a binding partner and potential regulator of Hrd1-dependent ERAD.

UBAC2, identified as a UBXD8 interaction partner ([Fig. 7a](#F7){ref-type="fig"}), is predicted to be a rhomboid family pseudoprotease similar to the Derlins^[@R59]^ that also contains a putative C-terminal UBA domain. A native interaction between the two was validated by endogenous coprecipitation ([Fig. 7b](#F7){ref-type="fig"}). Functionally, UBAC2 knockdown stabilised the Hrd1 substrate TTR(D18G)-GFP ([Fig. 7c](#F7){ref-type="fig"}), suggesting potential coordination between the two Ub ligase complexes. Both the UBAC2 C-terminus (a.a. 304--344) and the N-terminus of UBXD8 (2--52) display a high degree of conservation with residues essential for Ub binding in UBA domains ([Fig. 7d](#F7){ref-type="fig"}), and their predicted cytosolic localisation position them appropriately for Ub binding ([Fig. 7e](#F7){ref-type="fig"}). While a recombinant UBAC2 C-terminal fragment (a.a. 293--344) was sufficient to capture polyUb chains from HEK293 cell lysates at a level comparable to the well-characterised hPlic2 UBA^[@R60]^, under these conditions the UBXD8 UBA domain was not ([Fig. 7f](#F7){ref-type="fig"}). Thus, it is UBAC2 rather than UBXD8 that adds polyUb-binding capabilities to the gp78 subnetwork.

DISCUSSION {#S14}
==========

The application of high-content proteomics to identify interconnectivity within defined functional networks has been used with success to map high-resolution interaction landscapes for several complex mammalian protein networks^[@R21],[@R22],[@R61]^. In this study, we have integrated the mammalian ERAD interaction landscape with gene expression data and substrate-specific functional "fingerprints" of the mapped components to generate a multidimensional view of this dynamic and complex network. Our data suggest that the mammalian ERAD system accommodates the diverse array of potential substrates by using combinatorial interactions of the two central E3s, Hrd1 and gp78, with a palette of accessory factors ([Fig. 8](#F8){ref-type="fig"}).

Although many individual components of the mammalian ERAD system have been previously identified, to date there has been no systematic effort to place them into an integrated interaction landscape. Our study confirmed many of the interactions previously reported in mammals^[@R62]^ and those inferred from yeast^[@R16],[@R63]^ (shown in [Fig. 8](#F8){ref-type="fig"}; black lines), validating our approach and allowing us to arrange components into a topologically and functionally coherent model ([Fig. 8](#F8){ref-type="fig"}). This analysis also identified 71 HCIPs that are either uncharacterised or have not previously been linked to ERAD ([Fig. 8](#F8){ref-type="fig"}, only selected nodes and interactions shown), illustrating the ability of focused proteomic strategies to uncover novel components. Our analysis integrates interaction and functional data from the present study into a framework consisting of 6 functional modules that execute the principal ERAD activities: substrate recognition, dislocation, extraction, ubiquitination, and degradation (proteasome), as well as the EMC whose function is currently unknown. Sub-modules are grouped together based on predicted structural and topological features, and on an unbiased analysis of network interconnectivity of the proteins represented in each group. The ERAD system can thus be viewed as a distributed network, organised around central *Ubiquitin Ligase* modules for Hrd1 and gp78 that cooperate with components of the membrane-embedded *Dislocation* and the cytoplasmically-oriented *Substrate Extraction* modules. These interconnections are likely to ensure secure coupling between substrate dislocation/extraction and Ub conjugation. The Hrd1 and gp78 complexes contain sub-module-specific factors and share interactions with ERLIN1/2 and UBE2G2. The Hrd1 sub-module has four major connections to other modules. Three are mediated through SEL1L, which connects Hrd1 to the upstream luminal *Substrate Recognition* machinery, as well as to the downstream *Dislocation* module through Derlin-2 and the *Substrate Extraction* module via UBXD8. Direct interactions between the latter two proteins and VCP/p97 provide an extended pathway from the luminal substrate-binding lectins OS-9 and XTP3-B to cytoplasmic VCP/p97. The third connection is a direct link between this E3 and the 26S proteasome.

The gp78 sub-module appears to connect to the ERAD network via UBAC2. This protein interacts with UBXD8 and Derlin-1/2, and has a functional polyUb-binding domain, suggesting it may function as a membrane nexus integrating Ub conjugation, dislocation, and extraction. A VCP/p97-binding site within the cytoplasmic domain of gp78^[@R42]^ means that this complex can associate with VCP/p97 in at least two ways. VCP/p97 interacts directly with multiple components of the ERAD machinery including Derlin-1 and Derlin-2^[@R27],[@R59],[@R64]^, VIMP^[@R26],[@R27]^, gp78^[@R42]^, UBXD2^[@R65]^, and UBXD8^[@R66],[@R67]^. With at least 6 different recruitment sites for VCP/p97 within the ERAD network, it is not surprising that disruption or silencing of this cytoplasmic AAA+ ATPase has a more universal effect on the degradation of diverse ERAD substrates compared to the loss of an individual factor ([Fig. 4f](#F4){ref-type="fig"}). Multiple recruitment avenues at the ER membrane may reflect an acquired adaptability of VCP/p97 to accommodate and engage the diverse substrates it encounters. Moreover, VCP/p97 accessory factors (*e.g.* UBE4A, VCIP135, and SVIP), functionally essential for specific substrates ([Fig. 4f](#F4){ref-type="fig"}), could confer an added level of specificity or may reflect a requirement for different VCP/p97 configurations at different steps of the dislocation and membrane extraction processes.

"Input" of luminal substrates into the Hrd1 sub-module occurs via the well-established interaction with SEL1L. A capacity of the Hrd1 sub-module to engage substrates independently of SEL1L is also suggested by several observations: 1) SEL1L is dispensable for GluR1 degradation ([Fig. 4f](#F4){ref-type="fig"}); 2) Hrd1 overexpression enhanced GluR1 degradation while stabilising TTR(D18G) ([Fig. 6g](#F6){ref-type="fig"}) and 3) co-expression of SEL1L with Hrd1 resulted in enhanced degradation of both substrates ([Fig. 6g](#F6){ref-type="fig"}). One hypothesis is that Hrd1 recognises substrates directly through its membrane-spanning region, as suggested from studies in yeast^[@R68]^. We speculate that, given its close interaction with Hrd1, FAM8A1 may regulate the partitioning of Hrd1 between SEL1L-dependent and -independent modes of substrate recognition. This model for FAM8A1 regulation of Hrd1 partitioning is supported by the opposing effects that FAM8A1 depletion has on SEL1L-dependent (A1AT(NHK), A1AT(NHK-QQQ), TTR(D18G)) and SEL1L-independent (GluR1) substrates.

How substrates are directed to the gp78 sub-module is less clear, as no high confidence interactions between components of this E3 sub-module and components of the *Substrate Recognition* module were detected in our study or have been reported. Given the large number of common components within the *Dislocation* and *Substrate Extraction* modules that interact with both E3 submodules, it is possible that these two principal ERAD E3s cooperate to degrade substrates, consistent with some ERAD substrates being partially stabilised by knockdown of either Hrd1 or gp78. Indeed several examples of cooperative function by pairs of mammalian ERAD-associated E3s have been reported, including RMA1-CHIP and RMA1-gp78 in the ubiquitination of CFTR^[@R57],[@R69]^ and also Hrd1-gp78^[@R70]^.

Our data support an organisational model for ERAD where a dynamic network of interacting functional modules facilitate the recognition, recruitment, dislocation, extraction, ubiquitination, and degradation of the diverse classes of secretory pathway proteins. This work should provide a resource for future analysis of this cellular quality control system.
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![Hierarchical cluster analysis of CompPASS-identified HCIPs. Hierarchical clustering of HCIPs for interactions present in DIG (left) and TX-100 (right). Prominent HCIP clusters identified in DIG (1--8D) and TX-100 (1--3, 5 and 8T) were manually selected and are highlighted below. Box colour indicates the WD^N^-score.](nihms333655f1){#F1}

![The Interaction Network for ERAD (INfERAD). Interaction network for ERAD isolated in DIG and TX-100 represented by baits (squares) and their HCIPs (circles). Unidirectional (short dash, single arrow) and reciprocal (solid black, double arrows) interactions are shown. Each bait protein is rendered in a unique colour and line colour reflects the bait protein used to identify the interaction with the HCIP. Short dashed lines marked with a circle indicate interactions detected in both DIG and TX-100, while long dashed lines represent those found only in TX-100. The inset table lists the determined constituents of the mEMC, their size, cellular localisation, and corresponding yeast orthologs (SC) and ID in the Saccharomyces Genome Database (SGD). For clarity, a selection of additional DIG HCIPs not included in the map is shown on the bottom, with a circle's colour corresponding to the bait for which the HCIP was observed and asterisks denoting an HCIP also detected in TX-100.](nihms333655f2){#F2}

![shRNA-mediated refinement of Hrd1 complex interactions. (**a--q**) S-tagged ERAD baits were transiently coexpressed with the indicated shRNAs in HEK293 cells. All complexes were affinity-purified (AP) in 1% DIG and analysed by immunoblotting. (**a**) XTP3-B-S expression, probe for Hrd1 & SEL1L simultaneously; (**b**) Coexpression of myc-UBE2J1 and XTP3-B-S, probe for myc & SEL1L; (**c**) XTP3-B-S expression, probe for FAM8A1 & SEL1L; (**d**) S-OS-9 expression, probe for Hrd1 & SEL1L simultaneously; (**e**) Incorporation of refinements (**a--d**) to the Hrd1 complex; (**f**) S-FAM8A1 expression, probe for Hrd1 & SEL1L; (**g**) Coexpression of myc-UBE2J1 and Hrd1-S, probe for myc & SEL1L; (**h**) Coexpression of myc-UBE2J1 and S-SEL1L, probe for myc & Hrd1; (**i**) AUP1-S expression, probe for Hrd1 & SEL1L; (**j**) Coexpression of myc-UBE2G2, AUP1-S pulldown, probe for myc & Hrd1; (**k**) Refined interaction map for Hrd1 complex. (**l**) UBAC2-S expression with UBXD8 knockdown, probe for gp78; (**m**) UBAC2-S expression with gp78 knockdown, probe for UBXD8; (**n**) UBXD8-S expression with gp78 knockdown, probe for UBAC2; (**o**) UBXD8-S expression with UBAC2 knockdown, probe for Derlin-2, UBAC2, & gp78; (**p**) UBXD8-S expression with Derlin-2 knockdown, probe for gp78; (**q**) Refined interaction map for gp78 complex.](nihms333655f3){#F3}

![Functional genomic screen to identify essential substrate-specific ERAD components. (**a**) Localisation and topology of GFP reporters; TTR(D18G)-GFP, A1AT(NHK)-GFP, A1AT(NHK~QQQ~)-GFP, GFP-GluR1, GFP-CFTR(ΔF508), and GFPu, and GFP. (**b**) Time course of relative mean GFP fluorescence levels for each ERAD reporter cell line treated with MG132 (10 μM). (**c**) Heat maps reflecting the normalised fold change in mean GFP fluorescence of ERAD reporter lines transfected with wild type or dominant-negative VCP/p97 (WT or H317A, top panel) and time course of treatment with kifunensine (30 μM, bottom panel). Fold change in mean GFP fluorescence was normalised to the levels measured for each reporter at the 3 hr time point of MG132 treatment, and thus a degradation score of 3 is equivalent to the impairment induced by 3 hr MG132 treatment. (**d**) Target composition of the shRNA library. (**e**) Overview of the functional genomic screen. (**f**) Hierarchically clustered heat map of the normalised fold change in mean GFP fluorescence of ERAD reporter lines in response to shRNA-mediated knockdown of ERAD components. The normalisation and colour scale are the same as in panel (**c**). (**g**) Functional data from the heat map shown in panel F were mapped onto the refined Hrd1 physical interaction network ([Fig. 3k](#F3){ref-type="fig"}) to provide an integrated snapshot of substrate-specific functional requirements for Hrd1 network components.](nihms333655f4){#F4}

![Coordinated ER stress response of ERAD genes. qRT-PCR results for validated and suspected ERAD components upon treatment of HEK293 cells with TUNIC (10μg/mL, 6 hr). Data are presented as fold induction (log2) normalised to β-Actin. TUNIC-induced expression changes in ERAD genes plotted as groups according to: (**a**) Fold induction of gene expression represented by functional category. (**c**) Fold induction of gene expression from panel (**b**) mapped onto the ERAD interactome from [Fig. 2b](#F2){ref-type="fig"}. Additional genes of interest are presented alongside the induction map.](nihms333655f5){#F5}

![Characterisation of the novel Hrd1-binding partner FAM8A1. (**a**) Domain structure and interaction network of FAM8A1. (**b**) Immunoprecipitation with anti-FAM8A1 from HEK293 DIG soluble lysates were analysed by immunoblotting with the indicated antibodies. (**c**) Consensus TOPCONS prediction of FAM8A1 membrane orientation (<http://topcons.cbr.su.se>). Reliability index indicates the likelihood for consensus prediction at each position using a sliding 21 amino acid window. (**d**) HEK293 membrane fractions incubated with 1 M NaCl, 0.1 M Na~2~CO~3~ pH 12, or 1% SDS. Following 100,000xg centrifugation, equal volumes of soluble (S) and pellet (P) were analysed by Western blot with anti-FAM8A1. (**e**) HeLa cells expressing S-FAM8A1 or Hrd1-S were permeabilised with DIG or TX-100 to allow antibody access to cytosolic epitopes or cytosolic and luminal epitopes, respectively, immunostained and analysed by fluorescence microscopy. Scale bar = 10 μm. (**f**) Hrd1-S expressing HEK293 cell lysates separated on a continuous 10--40% sucrose gradient. S-tagged Hrd1 protein complexes were affinity-purified from each 1 mL fraction (fractions 1--12) or from 150 mg whole cell lysate (10% AP), and analysed by Western blotting for Hrd1 (S-tag), SEL1L, and FAM8A1. (**g**) Heat map representing the normalised change in mean GFP fluorescence (20,000 cells, n=3) of the indicated ERAD reporter cell lines to transfection with the indicated Hrd1, SEL1L, and FAM8A1 plasmids. DFP indicates dead fluorescent protein, a non-fluorescent GFP variant. Data is represented as a normalised heat map as in [Fig. 4c](#F4){ref-type="fig"}.](nihms333655f6){#F6}

![Characterisation of UBAC2, a novel ubiquitin-binding ERAD component. (**a**) Predicted domain structure and interaction network of UBAC2. (**b**) Immunoprecipitation with anti-UBXD8 from HEK293 DIG soluble lysates were analysed by Western blotting with the indicated antibodies. (**c**) Analysis of muliple UBAC2 targeting shRNAs on the Hrd1 substrate TTR(D18G)-GFP by flow cytometry. (**d**) Sequence alignment of the predicted UBA domains from UBAC2 (304--344) and UBXD8 (8--53) with characterised human and yeast UBA domains. (**e**) HeLa cells expressing C-terminally S-tagged UBAC2 or gp78 were permeablised, immunostained, and analysed by fluorescence microscopy as in [Figure 1e](#F1){ref-type="fig"}. (**f**) Recombinantly expressed UBA domains of hPlic2, UBXD8, and UBAC2 were coupled to Affigel and incubated with HEK293 cell lysates (−/+ 10 μM MG132, 6 hr). Samples were separated by SDS-PAGE, and ubiquitin binding was determined by immunoblotting with anti-Ub.](nihms333655f7){#F7}

![Functional integration of mammalian ERAD networks. The schematic model of the ERAD protein interaction network is topologically organised with respect to the ER membrane and arranged as an array of 6 colour-coded functional modules. Individual components from this study (baits or HCIPs) are indicated as nodes with reported components (*black*) and novel components (*red*). Similarly, reported interactions confirmed in this study (*black*) and novel interactions (*red*) are shown. Symbols for protein-protein interactions, UPR induction, and functional requirements are indicated in the legend. Intermodule interactions represented terminate either at the specific node within a module that establishes the link with the module periphery or at the module itself (where there are interactions with multiple components and that module is a single complex, (*e.g.* the mEMC or proteasome)). Asterisks indicate components that were identified by proteomics, but exhibited a subthreshold CompPASS score (WD^N^-score \< 1.0).](nihms333655f8){#F8}
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